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I. INTRODUCTION AND BACKGROUND INFORMATION 

A.  In t roduc t ion  

The o b j e c t i v e s  of  t h i s  program are  t h r e e :  

1. To s tudy  q u a n t i t a t i v e l y  t h e  r e a c t i v i t y  o f  hydrogen, n i t rogen  and 

oxygen atoms wi th  low molecular  weight compounds o f  carbon, hydrogen, oxy- 

gen and n i t rogen  a t  temperatures  below 100 K. 
0 

2. To i n v e s t i g a t e  f r a c t i o n a l  f reezing,  adsorp t ion  and absorp t ion  a s  

p o s s i b l e  p u r i f i c a t i o n  techniques f o r  t he  sepa ra t ion  o f  t h e  unusual product  

mixtures  t h a t  a r e  obtained from t h e  above cryochemical r e a c t i o n s .  

3 .  To s tudy  t h e  subsequent chemical behavior  of  t h e s e  low temperature  

r e a c t i o n  products  a s  a func t ion  o f  temperature du r ing  warm-up t o  room t e m -  

pera  t u r e  . 
P a r t i c u l a r  emphasis i s  t o  be placed upon t h e  i s o l a t i o n ,  a s  w e l l  a s  t h e  

i d e n t i f i c a t i o n ,  o f  t h e  o f t e n  unusual products  o f  such r eac t ions ,  many of  

which w i l l  e x i s t  on ly  so long  a s  t h e  low temperature  i s  maintained.  The 

macroscopic chemical and phys ica l  behavior o f  t h e s e  hopefu l ly  pure  products  

a r e  a l s o  t o  be s tudied ,  bo th  a t  t h e  lowest temperatures  and a s  a func t ion  o f  

temperature  du r ing  warm-up t o  room temperature.  The d e f i n i t i v e  chemical s t u -  

d i e s  t h a t  are t o  be performed are  made poss ib l e  by a unique mass spectrometer  

a n a l y t i c a l  technique which pe rmi t s  cold,  i n  s i t u  a n a l y s i s  of  t h e  r e a c t i v e  low 

temperature  m a t e r i a l s  wi thout  p r i o r  warm-up. 

-- 

It i s  now gene ra l ly  r e a l i z e d  t h a t  any r e a l  understanding o f  c e r t a i n  

as t ronomica l  o b j e c t s ,  e .g . ,  comets, must rest  i n  l a r g e  p a r t  upon low tempera- 

t u r e  chemistry (see a r t i c l e  by Donn i n  (1)). 

1 I Bass and Broida, e d i t o r s ,  Formation and Trapping of  Free Radica ls ,  Academic 
Press ,  New York, 1960. 
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B. Background Information 

The b roades t  i n v e s t i g a t i o n s  of low temperature chemical r e a c t i v i t y  

were those  of  Geib and Harteck who made a q u a l i t a t i v e  s tudy  o f  t h e  reac-  

t i v i t y  of H, N, 0 and o t h e r  atoms wi th  a v a r i e t y  o f  r e a c t a n t s  i n  a r eac -  

t o r  cooled i n  l i q u i d  a i r . 2y3 '4  These observa t ions  were made i n  t h e  e a r l y  

1930's and a l l  conclusions from them a r e  t e n t a t i v e  and based only  on t h e  

q u a l i t a t i v e  appearance and behavior  of the low temperature  substances.  

However, t h e  f a c t  t h a t  unusual and ene rge t i c  processes  do a c t u a l l y  occur  

under such cond i t ions  was c l e a r l y  demonstrated. It i s  i n t e r e s t i n g  t h a t  

du r ing  a r e c e n t  v i s i t  t o  our  l abora to ry ,  D r .  Harteck remarked t h a t  a t  t h e  

t i m e  he and Geib d i d  t h i s  work, on ly  the  Indian a s t r o p h y s i c i s t ,  Chandrasakhar, 

was i n t e r e s t e d  i n  t h e  r e s u l t s .  Severa l  examples w i l l  s e rve  t o  i l l u s t r a t e  

n o t  on ly  the  na tu re  of  t h e s e  e a r l y  experiments, b u t  a l s o  t h e  p a r t i c u l a r  p o i n t  

o f  view t h a t  c h a r a c t e r i z e s  t h i s  research  program. 

A very  uns t ab le  compound t h a t  has been t e n t a t i v e l y  i d e n t i f i e d  a s  HNO, o r  

perhaps (HNO),, i s  made by r e a c t i n g  hydrogen atoms wi th  n i t r i c  oxide a t  l i q u i d  

a i r  temperatures .  3 J5  A l i g h t  yellow t r anspa ren t  f i l m  may be f rozen  onto t h e  

w a l l s  of  a r e a c t o r  t h a t  i s  immersed i n  l i q u i d  a i r  when a stream of  hydrogen 

atoms from a d ischarge  tube meets a stream o f  gaseous NO i n  t h e  c e n t e r  of  t h e  

r e a c t o r  (see, e .g . ,  Geib and Harteck ). 6 
The product  i s  s t a b l e  a t  l i q u i d  a i r  

Geib, and Harteck, -- B e r .  66, 1815 (1933). 
Geib, and Harteck, Trans. Faraday S O ~ .  - 30, l3l (1934). 
Schenk, and Jablonowski, Z. anorg.  u .  al lgem. Chem. 244, 397 (1940). 
Harteck, -- B e r .  66, 423 (1933). 
Geib, and Harteck, B e r .  65, 1551 (1932).  

4 

6 
-- 
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temperatures ,  b u t  on r a p i d  warming t h e  f i lm  w i l l  explode. An explos ive  

substance t h a t  may a l s o  be " 0  may be made by r e a c t i n g  NH and oxygen 
3 

atoms i n  a s i m i l a r  experimental  arrangement. 7 

2 It h a s  a l s o  been observed t h a t  hydrogen atoms w i l l  r e a c t  wi th  ( C N )  

a t  low temperatures  t o  produce a dark  red, b u t  p r e s e n t l y  uncharac te r ized  

product .  The product  from a s i m i l a r  r eac t ion  o f  hydrogen atoms wi th  HCN 

w i l l  decompose on warming. Oxygen atoms w i l l  r e a c t  wi th  unsa tura ted  hydro- 

carbons such a s  e thylene  and ace ty l ene  t o  produce i n t e n s e l y  co lored  pro-  

d u c t s  most o f  which decompose wi th  heavy f r o t h i n g  on warming t o  s t i l l  r a t h e r  

low temperatures ,  i . e . ,  16Oo-18O0 K. A r a t h e r  broad l i t e r a t u r e  review of 

t h e s e  and many o t h e r  experiments i n  cryochemistry con ta in ing  over  200 ref-  - 
8 e rences  has  been prepared by McGee and Martin. 

r e s tudy  and t o  expand upon some o f  these  much e a r l i e r  observa t ions  o f  

chemical r e a c t i v i t y .  

It i s  our  o b j e c t i v e  t o  

Chemical a n a l y s i s  o f  t h e  co ld  r eac t ion  mixtures  wi thout  p r i o r  warm-up 

S tud ie s  by convent ional  means a t  room temperature  a r e  i n -  i s  a n e c e s s i t y .  

adequate  because o f  t h e  unknown reac t ions  t h a t  may occur  du r ing  t h e  warm-up. 

Indeed, t h e  observa t ion  o f  t h e  chemical behavior  o f  t h e  co ld  subs tances  i s  

t h e  r ea l  essence  o f  t h e  experiment, and c l e a r l y  such s t u d i e s  m u s t  be  l a r g e l y  

based upon accura t e  low temperature  chemical a n a l y s i s .  

The p r e s e n t  a v a i l a b i l i t y  o f  phys ica l  a n a l y t i c a l  ins t ruments  which may, 

i n  p r i n c i p l e ,  be used a t  cryogenic temperatures has  provided a g r e a t  impetus 

t o  chemical r e sea rch  a t  t h e s e  temperatures.  The r e c e n t  eng inee r ing  develop- 

ments p e r m i t t i n g  t h e  ready and inexpensive a v a i l a b i l i t y  o f  cryogenic  r e f r i g -  

I 

Geib, Naturwissenschaften 2, 44 (1936). 
McGee and Martin, Cryogenics - 2, 257 (1962).  
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e r a n t s  have had a comparable c a t a l y z i n g  in f luence .  O f  t he  many ins t ruments  

t h a t  may be used f o r  low temperature ana lys i s ,  we s e l e c t e d  t h e  Bendix t i m e -  

o f - f l i g h t  mass spectrometer .  There were t h r e e  b a s i c  reasons  f o r  t h i s .  choice.  

F i r s t ,  t h e  ou tpu t  d a t a  a r e  simple and can be e a s i l y  understood by persons  n o t  

expe r t  i n  s p e c i a l i z e d  a r e a s  of modern physics .  

f o r  example, f o r  t h e  nuc lea r  magnetic resonance and e l e c t r o n  sp in  resonance 

spectrometers ,  a s  w e l l  a s  f o r  o p t i c a l  spectroscopy. Secondly, t h e  mass spec- 

t rometer  w i l l  pe rmi t  i d e n t i f i c a t i o n  o f  a l l  s p e c i e s  and no t  j u s t  f r e e  r a d i c a l s  

a s  does t h e  e l e c t r o n  sp in  resonance spectrometer .  

ins t rument  i s  designed such t h a t  it was a r e l a t i v e l y  simple problem t o  modify 

and adapt  it f o r  t h e  in t roduc t ion  of  a cryogenic sample. I n  doing t h i s ,  t h e  

sample gas must n o t  s u f f e r  c o l l i s i o n s  with any o t h e r  gaseous molecules o r  

w i th  any s u r f a c e  t h a t  i s  no t  a t  ambient temperature p r i o r  t o  i t s  f ragpenta-  

t i o n  and i o n i z a t i o n .  Here ambient temperature may be a s  low a s  4.2 K. The 

r equ i r ed  des ign  modi f ica t ions  were developed wi th  c o n s u l t a t i o n  from t h e  Bendix 

Corporat ion engineer ing  and r e sea rch  s t a f f  and allow f o r  t h e  use  o f  s e v e r a l  

i n l e t  arrangements,  each o f  which has  i t s  p a r t i c u l a r  advantages and disadvan- 

t ages .  

The reverse o f  t h i s  i s  t r u e ,  

And t h i r d l y ,  t h e  Bendix 

0 

The design c u r r e n t l y  i n  use  i s  discussed l a t e r  i n  t h i s  r e p o r t .  

Mass spectrometer  a n a l y s i s  of  t he  vapor over  t h e  low temperature  substances 

du r ing  c o n t r o l l e d  warm-up should a l s o  give informat ion  on t h e  chemical processes  

t h a t  u s u a l l y  occur,  e .g . ,  rearrangements,  d i s s o c i a t i o n s ,  e t c .  Our s t u d i e s  u t i l -  

i z e  both a "quenched d i f f u s i o n  flame" type r e a c t o r  s i m i l a r  t o  t h a t  o f  Geib and 

Harteck and a gas - l iqu id  and a gas-so l id  r e a c t o r  t h a t  has  been designed some- 

what l i k e  t h e  atomic hydrogen and l i q u i d  ozone r e a c t o r  o f  Kobozev.' 

6 

Such 

Kobozev, e t  a l . ,  Zhur. F iz .  Khim. - 31, 1943 (1957). 
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m u l t i p l e  s t u d i e s  a r e  necessary if one is  t o  answer ques t ions  o f  d e t a i l e d  

chemical behavior .  

a gas phase r e a c t i o n  which may be occurr ing  a t  s e v e r a l  hundreds o f  degrees  

o r  observ ing  a t r u e  low temperature r e a c t i v i t y  i s  o f t e n  asked, b u t  he re to -  

f o r e  been seldom answered. 

For example, t h e  question of  whether one i s  quenching 

During t h e  t h r e e  yea r  course of t h i s  program, t h e  p a r t i c u l a r  choice  

of r e a c t a n t  molecules w i l l  be based on, (1) t h e  cumulative experience up 

t o  t h a t  p a r t i c u l a r  t i m e ,  and ( 2 )  on conferences wi th  knowledgable persons  

wi th in  NASA a s  t o  which spec ie s  a r e  of most i n t e r e s t  from t h e  p o i n t  o f  view 

of eo s m i  c chemi s t r y .  

-5 - 



11. CURRENT STATUS OF RESEARCH 

A. I o n i z a t i o n  and Appearance P o t e n t i a l  Measurements 

The experimental  determinat ion o f  i o n i z a t i o n  p o t e n t i a l s  i s  important  

f o r  t h e  numbers a r e  u s e f u l  i n  thermochemistry,in k ine t i c s , and  o t h e r  a r e a s  

o f  chemistry and chemical phys ics .  More s p e c i f i c a l l y ,  f o r  t h e  case  o f  t h e  

unusual chemical behavior  a t  very  low temperatures t h a t  i s  o f  concern here ,  

t h e  d a t a  may be app l i ed  t o  i d e n t i f i c a t i o n  problems, t o  molecular  s t r u c t u r e  

problems and t o  unusual chemical k i n e t i c  problems. L e t  u s  d i s c u s s  t h i s  

a r e a  under the  four sepa ra t e  headings of (1) equipment, ( 2 )  i d e n t i f i c a t i o n ,  

( 3 )  s t r u c t u r e ,  and (4) k i n e t i c s .  

1. Equipment 

Our procedure f o r  t h e  experimental  de te rmina t ion  o f  t h e  appearance 

p o t e n t i a l s  c l o s e l y  fo l lows  t h a t  o f  H a m i l l  and Melton'' and employs t h e  Fox 

11 r e t a r d i n g  p o t e n t i a l  d i f f e r e n c e  (RPD) method. 

f o r  use  w i t h  t h e  Bendix T-0-F Mass Spectrometer and i s  gene ra l ly  thought t o  

be the  most a c c u r a t e  method a v a i l a b l e  for t h e  measurement of  appearance poten- 

t i a l s  by e l e c t r o n  impact techniques.  

This  method i s  well s u i t e d  

The mass spectrometer  was modified t o  pe rmi t  use o f  t h e  RPD procedure 

by the  i n s t a l l a t i o n  o f  a f i v e - g r i d  e l ec t ron  gun (Bendix P a r t  No.  MPL-101) 

and t h e  c o n s t r u c t i o n  of  t h e  necessary c i r c u i t r y  t o  apply  the p rope r  p o t e n t i a l  

t o  each g r i d .  These modi f ica t ions  permit t h e  s tudy o f  t h e  e f f e c t  o f  a stream 

o f  e l e c t r o n s  of a ve ry  narrow energy range. 

lo Hamill and Melton, J .  Chem. Phys., t o  be publ i shed .  

Fox, e t  a l ,  Rev. S e i .  Instruments  26, 1101 (1955). 
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G r i d  Po t e n t  i a 1 

1. Control Grid Control  Pulse  

Filament 2. R e t a r d  Sh ie ld  Filament + 2 . 0 ~  

3. Retarding Grid Filament - 0.2 t o - 0 . 4 ~  

4.  Retard Sh ie ld  Filament -+ 2. Ov 

5. Ground 

- 

The f i l amen t  and g r i d s  1 and 5 a r e  used i n  t h e  normal manner ( i . e . ,  

a s  f o r  a two g r i d  e l e c t r o n  gun) and g r i d s  2 and 4 serve  only  a s  s h i e l d s  

for t h e  r e t a r d i n g  gr id ,  and a re  e l e c t r i c a l l y  connected toge the r .  

on ly  two a d d i t i o n a l  feed throughs a r e  requi red  on the  source i n  a d d i t i o n  t o  

This  means 

those  f o r  normal opera t ion ,  i .e . ,  1 5  in s t ead  o f  1.3. The f i l amen t  i s  maintained 

V v o l t s  nega t ive  wi th  r e s p e c t  t o  t h e  i o n i z a t i o n  chamber. If none of t h e  elec- 

t r o n s  were produced wi th  an  i n i t i a l  k i n e t i c  energy, t he  energy of t h e  e l e c t r o n s  

1 

i n  t he  i o n i z a t i o n  reg ion  would be determined s o l e l y  by V and t h e  determina- 1 

t i o n  o f  appearance p o t e n t i a l s  would be s t r a i g h t  forward. The ion  c u r r e n t  for 

t h e  s p e c i e s  of i n t e r e s t  could be recorded a t  success ive ly  lower va lues  of 

A p l o t  o f  i o n  c u r r e n t  vs. V should c ross  t h e  V a x i s  a t  t h e  appearance 

. vl 

1 1 
p o t e n t i a l .  

I n  p r a c t i c e ,  t h e  da t a  y i e l d  curves  which t a i l  off near  t h e  appearance 

p o t e n t i a l .  This  e f f e c t  i s  due t o  the  i n i t i a l  k i n e t i c  energy o f  t h e  e l e c t r o n s .  

Even when 

e l e c t r o n s  w i l l  be a b l e  t o  produce ion iza t ion .  

Vl i s  somewhat less than  the appearance p o t e n t i a l ,  t h e  more e n e r g e t i c  

-7 - 



c u r r e n t  ion t 

v1 - 
Ext rapo la t ion  o f  t h e  l i n e a r  po r t ion  o f  t h i s  curve y i e l d s  f a i r l y  good 

appearance p o t e n t i a l s  b u t  a much more s a t i s f a c t o r y  procedure would be t o  

examine t h e  e f f e c t  o f  an almost mono-energetic beam o f  e l e c t r o n s .  This i s  

what i s  &?ne ir. the Fnx RPD methOds 

By apply ing  a small  b i a s  (nega t ive  wi th  r e s p e c t  t o  t h e  f i l amen t )  t o  

gr id  

This energy c u t o f f  i s  ve ry  sharp.  

3 w e  can c u t  o f f  t h e  p a r t  o f  t h e  e l e c t r o n  beam o f  lowes t  energy. 

number of I I \ I  
e l e c t r o n s  I I \  

V 
1 V, energy o f  e l e c t r o n s  

If we now change t h i s  b i a s  by a s m a l l  value,  AV, w e  c u t  o u t  a s l i c e  of  

e l e c t r o n s  of very  small  energy spread.  

number of  
e l e c t r o n s  
with 

energy V 

V 1 V, energy o f  e l e c t r o n s  
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The change i n  t h e  i o n  cu r ren t ,  Ai , due t o  t h i s  change i n  t h e  e l e c t r o n  beam 

w i l l ,  o f  course,  r e p r e s e n t  t h e  ions  which were produced by t h e  e l e c t r o n s  

i n  t h i s  narrow energy band. 

p o t e n t i a l  o f  t h e  s p e c i e s  under inves t iga t ion ,  t h e r e  w i l l  be no change i n  i o n  

c u r r e n t  due t o  t h e  small  change i n  b i a s .  By r eco rd ing  Ai corresponding t o  

AV a t  a series o f  va lues  o f  e l e c t r o n  energy, we can a c c u r a t e l y  l o c a t e  t h e  

appearance p o t e n t i a l .  An a c t u a l  Vis icorder  t r a c e  from a t y p i c a l  experiment 

( look ing  a t  t h e  N2 

c u r r e n t  due t o  t h e  r e t a r d i n g  p o t e n t i a l  can be c l e a r l y  seen f o r  each va lue  of  

e l e c t r o n  energv above t h e  uncorrected appearance potent, ial- .  

The b i a s  i s  r e tu rned  t o  i t s  o r i g i n a l  va lue  a f t e r  be ing  r e t a r d e d  t o  i n -  

If t h e  e l ec t ron  energy i s  below t h e  appearance 

+ i o n )  i s  reproduced i n  F igure  1. The change i n  ion  

s u r e  t h a t  t h e r e  has  been no d r i f t  i n  t h e  ion  c u r r e n t .  A t  each e l e c t r o n  energy 

t h e  r e t a r d i n g  p o t e n t i a l  must be changed by e x a c t l y  t h e  same amount. A p l o t  o f  

Ai 

ance p o t e n t i a l  o f  t h e  spec ie s .  Because of c o n t a c t  p o t e n t i a l s  and o t h e r  i n s t r u -  

mental  f a c t o r s ,  t h i s  w i l l  n o t  correspond t o  t h e  a c t u a l  appearance p o t e n t i a l  b u t  

t h e  s h i f t  should be cons t an t  f o r  a l l m o l e c u l e s .  Therefore ,  it i s  only  necessary  

t o  s tudy  one molecule whose appearance p o t e n t i a l  i s  well  known i n  o r d e r  t o  f i x  

t h e  va lue  o f  t h i s  co r rec t ion .  Actual ly ,  we have s tud ied  s e v e r a l  i o n s  o f  known 

appearance p o t e n t i a l  t o  i n s u r e  t h e  co r rec t  va lue  o f  t h i s  c o r r e c t i o n .  

v s .  e l e c t r o n  energy w i l l  i n t e r c e p t  the energy a x i s  a t  t h e  uncorrec ted  appear- 

The va lues  of t h e  va r ious  p o t e n t i a l s  a r e  read  on a Cimron S e r i e s  6000 

d i g i t a l  vo l tme te r  which i s  accura t e  t o  0.01 v o l t s  up t o  99.99 v o l t s  and t o  

0.001 v o l t s  up t o  9.999 v o l t s  ( a s  c e r t i f i e d  by t h e  manufacturer  and v e r i f i e d  

p o t e n t i o m e t r i c a l l y  i n  t h i s  l a b o r a t o r y ) .  However, because o f  f l u c t u a t i o n s  i n  

t h e  ion  c u r r e n t  ou tpu t  w e  can only  expect t o  a t t a i n  0 .1  v o l t  accuracy i n  ou r  

f i n a l  r e s u l t s .  

-9 - 
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Figure 1. N2 + Ion Current  Showing E f f e c t  of Retarding Grid. 

Ind ica ted  Energies a r e  Uncorrected. 
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+ + + 
The appearance p o t e n t i a l s  o f  t h e  ions N2 , O2 , and N have been mea- 

sured  and, a l though t h e  spectrometer  output  has  been somewhat e r r a t i c ,  t h e  

r e s u l t s  i n d i c a t e  t h a t  we may p r e d i c t  the d i f f e r e n c e s  i n  appearance p o t e n t i a l s  

t o  wi th in  - + 0.1 v o l t  f o r  i o n s  whose appearance p o t e n t i a l s  d i f f e r  by only  a 

f e w  e l e c t r o n  v o l t s .  

P re sen t  work 

Spectroscopic  

E iec t ron  impact Methods 

3.5 l5 

For appearance p o t e n t i a l s  which d i f f e r  by a s  much a s  10 e l e c t r o n  v o l t s  w e  can 

s t i l l  measure t h e s e  d i f f e r e n c e s  t o  within + 0.3 ev. - 

2. I d e n t i f i c a t i o n  

P o s i t i v e  i d e n t i f i c a t i o n  o f  l a b i l e  spec ie s  is ,  o f  course,  b a s i c  t o  

t h i s  e n t i r e  r e sea rch  program. If we a r e  concerned, f o r  example, w i th  mass 

spec t romet r ic  proof  o f  t he  presence of  HNO from a cryogenic  r e a c t o r ,  i t  i s  

necessary  t h a t  w e  d i f f e r e n t i a t e  between HNO 
+ + i o n s  from HNO a s  opposed t o  HNO 

Modern Mass Spectrometry, Barnard, The I n s t i t u t e  o f  Physics  (London), 

l3 Handbook o f  Chemistry and Physics ,  40th Edi t ion ,  Chemical Rubber Company, 

1953. 

1958. 
l4 Magstrum and Tate,  Phys. Rev. - 59, 354 (1941). 

F i e l d  and Frankl in ,  E lec t ron  Impact Phenomena, Academic Press ,  New York, 
1957 * 
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i o n s  t h a t  may a r i s e  from any o t h e r  spec ies  t h a t  may poss ib ly  be  p re sen t ,  say  

from HN02. The problem he re  i s  not  q u i t e  equ iva len t  t o  t h a t  o f  free r a d i c a l  

i d e n t i f i c a t i o n  by f a s t  i n l e t  mass spectrometry t h a t  was o r i g i n a t e d  by E l t en -  

ton,  

s t a b l e  o r  t r a n s i t o r y  i n  i t s  ex i s t ence  - i f  it i s  kep t  co ld .  

t h a t  has  been devised  and which i s  d iscussed  subsequent ly  has ,  however, been 

designed a s  a h igh  speed i n l e t  because we wish t o  s tudy  t h e  k i n e t i c s  of reac-  

t i o n s  i n t o  which t h e  unusual spec ie s  may e n t e r .  

16 f o r  he re  we do not  admit t h a t  the spec ie s  o f  i n t e r e s t  ( s a y  HNO) i s  un- 

The i n l e t  system 

If w e  t h i n k  o f  t he  above example a s  t y p i c a l  o f  t h e  i d e n t i f i c a t i o n s  t h a t  

a r e  demanded, l e t  u s  run an i o n i z a t i o n  e f f i c i e n c y  riurve )_?sing the Fcx RFE 

technique on mass 31, @NO ) .  If t h e  HNO i s  coming from HNO, i t s  appearance 

p o t e n t i a l  w i l l  be l e s s  than  t h a t  from HN02 by D ( H N 0 - 0 ) ,  and i f  t h i s  i s  a s  

much a s  a few t e n t h s  of  an e l e c t r o n  v o l t  i t  w i l l  be d e t e c t a b l e  by ou r  p r e s e n t  

arrangement.  It w i l l  a l s o  be p o s s i b l e  t o  say  i n  what r a t i o  HNO and o t h e r  

spec ie s  may be p r e s e n t  i n  a mixture .  

c a l i b r a t i o n  on spec ie s  t h a t  appear  with the  " 0 .  

f + 

One would need an independent e a r l i e r  

We have n o t  y e t  made any i d e n t i f i c a t i o n s  of  such low temperature  sys-  

t e m s .  The exac t  da t a  f o r  d e f i n i t i v e  arguments w i l l  l i k e l y  be s p e c i f i c  f o r  

each substance,  b u t  they  w i l l  a l l  follow such reasoning  a s  t h a t  o u t l i n e d  

above. 

3. S t r u c t u r e  

Information i s  desired on the s t r u c t u r e  o f  t h e  unusual molecules  

t h a t  a r e  expected t o  r e s u l t  from s t u d i e s  o f  t h e  r e a c t i o n s  o f  hydrogen, 

l6 El ten ton ,  J. Chem. Phys. - 10, 403 (1942). 
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* 
n i t rogen  and oxygen atoms wi th  simple molecules a t  cryogenic  temperatures .  

Using t h e  mass spectrometer  we can determine the  i o n i z a t i o n  energy from 

which we can deduce bond ene rg ie s .  

one can make deduct ions  about which atoms a r e  bonded t o  which i n  t h e  mole- 

tule. For  example, i f  from " 0  one sees NH b u t  n o t  OH , it  seems reasonable  

t h a t  t h e  H atom must be on t h e  N atom and no t  on t h e  0 atom. 

Also, from t h e  fragmentat ion p a t t e r n ,  

+ + 

The bond d i s s o c i a t i o n  ene rg ie s  may be developed i n  two ways. ' 7  If an  

+ i on  X i s  known t o  a r i s e  by the  process :  

+ X Y + e - +  X + Y + 2 e ,  

t 
then t h e  appearance p o t e n t i a l  o f  t h e  X ion  i s  given by, 

V(X+)  = D(X-Y) + I ( X )  i KE + EE . 

D(X-Y) i s  t h e  d i s s o c i a t i o n  energy of the  X-Y bond; I ( X )  i s  t h e  i o n i z a t i o n  

energy of  X ; KE and EE a r e  t h e  excess  k i n e t i c  and e x c i t a t i o n  energy res- 

p e c t i v e l y  of any of  t h e  fragments l eav ing  t h e  p o i n t  o f  impact.  Notice t h a t  

X and Y need n o t  be only  atoms. We usua l ly  s e t  t he  l a t t e r  two terms equal  

t o  zero,  and hence one needs only t o  measure V and I t o  deduce D(X-Y).  

If t h e  i o n i z a t i o n  energy o f  X i s  not a v a i l a b l e ,  then it i s  p o s s i b l e  

t o  use thermochemical d a t a  toge the r  w i th  two v a l u e s  of V t o  deduce D. For 

example, l e t  u s  determine t h e  appearance p o t e n t i a l ,  V , of  t h e  spec ie s  X+ 

* 
A s  i s  mentioned i n  Chapter 111, t h e r e  i s  a l r e a d y  a s t r o n g  i a t e r e s t  by 
workers i n  our Dif f r ac t ion  Laboratory i n  s tudying  t h e  s t r u c t u r e  of  some 
of t h e s e  unusual molecules.  ''' Margrave, J .  Chem. Phys. - 24, 475 (1956). 
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from XY and from XZ. For t h e  reac t ion ,  

which has  a h e a t  evo lu t ion -o f  AHr a s  got ten from the  h e a t s  o f  formation 

of  t h e  f o u r  s epa ra t e  s p e c i e s -  The ind iv idua l  h e a t s  o f  formation may be 

w r i t  t en ,  

X + Y + X-Y + D(X-Y) 

when we a r b i t r a r i l y  se t  t h e  zero o f  enthalpy a t  X , Y , e t c . ,  and which 

may he eqiu_?ivplent.l y w r i t t e n ,  

x + Y + x - Y  + V ( X Y ) - I ( X )  . 

An entha lpy  ba lance  on t h e  r e a c t i o n  a s  wr i t t en  above then becomes, 

D(Zh') = V(XZ)-V(XY)  + D(YW) + AHr 

Note t h a t  f o r  an exothermic r e a c t i o n  AH, i s  a nega t ive  member. If we 

measure t h e  V ' s  and i f  D and AHr a r e  known from thermochemical da t a ,  

w e  can e v a l u a t e  t h e  unknown bond energy D(ZW) .  

t e n s i v e l y  used by Stevenson i n  work with v a r i o u s  hydrocarbons.  

This technique has  been ex- 

18 

Although we have n o t  y e t  app l i ed  e i t h e r  o f  t h e s e  techniques  t o  a low 

temperature  substance of  t h e  s o r t  i n  which we a r e  he re  concerned, w e  have 

Stevenson, Discussions Faraday Soc. 10, 35 (1951). 
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r e c e n t l y  obta ined  some i n t e r e s t i n g  information on C H I  

o f  C H I  . I n  s tudying  t h e  p y r o l y s i s  products  of  CHI  by the  f a s t  i n l e t  

techniques descr ibed  p r e v i o ~ s l y , ~ ~  it was found t h a t  t h e  peak he igh t  of  

CHI2 a s  t h e  furnace t e m -  

p e r a t u r e  was increased .  This i nc rease  i s  marked a s  may be seen from t h e  

from the  p y r o l y s i s  2 

3 3 

+ + i nc reased  r e l a t i v e  t o  t h e  peak he ight  of C H I  
3 

fo l lowing  t a b l e .  

Peak Hgt. o f  CHI, + 

Temperature 

6oo c 
inn" n 
I U U  L, 

144' C 

300' c 

+ 
3 

Peak Hgt. o f  C H I  

3.25 
3.62 
3.72 
4.35 

These da t a  ind ica t ed  t h a t  t he  h o t  gases contained a s i g n i f i c a n t  f r a c t i o n  o f  

3 
t h e  CHI2  r a d i c a l .  If we assume t h a t  the  i o n i z a t i o n  e f f i c i e n c i e s  o f  t h e  C H I  

and C H I  molecules a r e  nea r ly  equal ,  these r e s u l t s  imply t h a t  approximately 

13 p e r  c e n t  of  t he  iodoform i s  d i s soc ia t ed  a t  300 C .  I f  t h e  i o n i z a t i o n  

2 
0 

e f f i c i e n c y  of  t he  C H I  r a d i c a l  i s  l a r g e r  by a f a c t o r  of  ten ,  only about 

1.3 p e r  c e n t  of C H I  would be d i s soc ia t ed  a t  t h i s  temperature .  

2 

3 
+ This l a r g e  c u r r e n t  of CHI2 i o n s  due t o  CHI2 r a d i c a l s  allowed t h e  

de te rmina t ion  of the i o n i z a t i o n  p o t e n t i a l  of C H I  wi thout  g r e a t  d i f f i c u l t y .  

However, t h e  C H I  r a d i c a l s  were p r e s e n t  t o  a small  e x t e n t  i n  t h e  C H I  vapor 

2 

2 3 
a t  t h e  lowest  temperature a t  which a reasonable  spectrum o f  iodoform could 

be obta ined .  Therefore,  t he  measurement o f  t h e  appearance p o t e n t i a l  o f  t h e  

'' Fina l  Report  on NsG-123-61, Chemical Syntheses Requir ing Cryogenic Tem- 
p e r a t u r e s  a s  P repa ra t ive  Techniques f o r  Highly Endothermic Chemical 
Species,  Georgia Tech Research I n s t i t u t e ,  August, 1963. 
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+ CHI2 i o n  from C H I  could be made only with much l e s s  p r e c i s i o n .  A p l o t  of 

Ai vs .  e l e c t r o n  energy f o r  t h e  C H I  ion i s  shown i n  Figure 2. The ion iza -  

t i o n  p o t e n t i a l  o f  CHI2 

determined from t h e  p o i n t  a t  which t h i s  curve began t o  depa r t  from a s t r a i g h t  

3 
-I- 

2 
+ 

a s  formed from CHI i s  less p r e c i s e  s i n c e  it must be 3 

l i n e .  

imate ly  11.5 v o l t s .  

From Figure 2 it can be seen t h a t  t h i s  appearance p o t e n t i a l  i s  approx- 

These p o t e n t i a l s  can be used t o  es t imate  t h e  energy o f  the  CHI  -I bond. 2 

D(CHI~-I) = AP(CHI~+)-IP(CHI~) , 

= 1 1 . 5  - 10.0 ev 

= 1.5 ev 

This  corresponds t o  a bond energy of about 35 kcal/mole which seems t o  be 

a reasonable  value.  

The i o n i z a t i o n  p o t e n t i a l  o f  C H I  was found t o  be 9.45 - + 0.1 ev.  This 3 
CH I and o t h e r  I2 ’ 3 corresponds c l o s e l y  t o  t h e  i o n i z a t i o n  p o t e n t i a l  o f  

i od ine  compounds and, hence, w e  can deduce t h a t  i o n i z a t i o n  i s  from t h e  non- 

bonding e l e c t r o n  p a i r s  on t h e  iod ine  atom. 

4. K i n e t i c s  

The f a s t  i n l e t  mass spectrometer i s  a powerful t o o l  f o r  t h e  s tudy 

16 of chemical k i n e t i c s  a s  was f i rs t  demonstrated by El ten ton  

by Hipple and Stevenson,20 by Lossing and coworkers,21 and by o t h e r s .  

and subsequent ly  

The 

Stevenson and Hipple, Phys. Rev. - 63, 121 (1943). 
21 Lossing and Tickner, J. Chem. Phys. - 20, 207 (1952) .  
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c u r r e n t l y  most s o p h i s t i c a t e d  appara tus  f o r  s t u d i e s  of k i n e t i c s  by mass 

spectrometry i s  t h a t  of Foner and Hudson. 

s tudy  f o r  our own program was t h a t  of Bradley and K i s t i a k ~ w s k y ~ ~  who used 

a Bendix t ime-o f - f l i gh t  spectrometer  t o  s tudy k i n e t i c s  i n  shock heated gases.  

I n  our cryogenic i n l e t  system t h a t  i s  b r i e f l y  descr ibed  i n  t h e  fo l lowing  

22 
A p a r t i c u l a r l y  s i g n i f i c a n t  

s e c t i o n  o f  t h i s  r epor t ,  t h e  i o n i z i n g  e l ec t ron  beam of t h e  spectrometer  makes 

g raz ing  t r a n g e n t i a l  con tac t  wi th  an o u t l e t  p o r t  i n  t he  co ld  r e a c t o r  i t s e l f .  

The design i s  such t h a t  t h e  vapor from the co ld  r e a c t o r  i s  ion ized  before  

any c o l l i s i o n s  o f  h igher  energy than cryogenic ambient may occur.  I n i t i a l  

experiments wi th  t h i s  arrangement us ing  the  i n t e r e s t i n g  substance O,F, a r e  

now i n  p rogres s  i n  t h i s  l abora to ry ,  b u t  no r e s u l t s  worth d i scuss ing  have a s  

y e t  been obtained.  The substance decomposes i n t o  0 F and 0 beginning a t  

a s i g n i f i c a n t  r a t e  near  90 K. W e  should be a b l e  t o  follow t h i s  r e a c t i o n  

n i ce ly ,  hope fu l ly  a l s o  g e t t i n g  s u f f i c i e n t  d a t a  t o  make reasonable  arguments 

about t he  mechanism of  t h e  decomposition. 

3 d  

2 2  2 
o *  

n e s e  remarks p o i n t  up an i n t e r e s t i n g  analogy of t h i s  work t o  t h e  r a t h e r  

h igh ly  developed f a s t  i n l e t  work of El tenton,  Lossing and o t h e r s .  Whereas these 

workers a r e  producing t h e  l a b i l e  spec ies  by some h igh  energy process  such a s  a 

p y r o l y s i s  or a f l a s h  photo lys i s ,  or whatever; we produce t h e  l a b i l e  spec ie s  by 

s l i g h t l y  warming a h igh ly  r e a c t i v e  substance a t  cryogenic temperatures .  The 

i d e a s  a r e  q u i t e  analogous b u t  merely separated by an o rde r  of  magnitude o r  so 

i n  temperature . 

22 Foner and Hudson, J. Chem. Phys. 21, 1374 (1953); -- i b i d  36, 2681 (1962) .  
^ ^  '' Kistiakowsky and Bradley, J. Chem. Phys. 35 256 (1961); i b i d  35, 264 

-I - -  
(1961). * 
For a review of t h e  c u r r e n t  s t a t e  of t he  a r t  concerning t h e  oxygen f l u o r i d e s  
see  f i n a l  r e p o r t  on c o n t r a c t  NASr-38, S tanford  Research I n s t i t u t e ,  Nov. 1, 1962. 
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B. Cryogenic P u r i f i c a t i o n  and Mass Spectrometer I n l e t  System 

Every chemist  i s  f a m i l i a r  wi th  t h e  bands of  d e p o s i t s  t h a t  may be 

found i n  a co ld  t r a p  on a vacuum rack  when mixtures  of  substances a r e  

passed through. 

around t h e  t rap i s  only  p a r t i a l l y  f u l l  of r e f r i g e r a n t  ( i . e . ,  when t h e r e  

i s  a thermal g rad ien t  i n  t h e  t r a p ) .  

system be ing  developed he re  i s  t o  con t ro l  t h i s  g rad ien t  and t o  use  it 

a s  a somewhat crude sepa ra t ive  procedure.  We have c a l l e d  t h i s  arrangement 

"thermal chromatography." 

which t h e  d e s i r e d  g - a d i e n t .  i s  iqresczec? is pr=vldcd wlth a c a p l i i a i y  l e a k  

such t h a t  t h e  vapor i n  t h e  co ld  end o f  the tube  i s  bled i n t o  t h e  ion  source 

o f  a time-of-flight mass spectrometer .  The phys ica l  arrangement i s  such 

t h a t  t h i s  vapor i s  i n  no way hea ted  above t h e  ope ra t ing  temperature  o f  t h e  

co ld  end o f  t h e  g rad ien t  tube  be fo re  it i s  ion ized  i n  t h e  e l e c t r o n  beam o f  

t h e  i o n  source.  

This  e f f e c t  i s  p a r t i c u l a r l y  n o t i c e a b l e  when t h e  dewar 

The o b j e c t i v e  of  t h e  p u r i f i c a t i o n  

In  add i t ion ,  t h e  c o l d e s t  end of t he  tube upon 

Since  t h i s  system has  a l r eady  been descr ibed  i n  d e t a i l , "  on ly  a b r i e f  

o u t l i n e  i s  p resen ted  he re  f o r  completeness. There i s  a l s o  inc luded  here  

some more r e c e n t  ope ra t ing  c h a r a c t e r i s t i c s  of  t h e  cryogenic p u r i f i c a t i o n -  

i n 1  e t  arrangement . 

1. B r i e f  Descr ip t ion  

The i n l e t  arrangement i s  schematical ly  shown i n  F igure  3. Essen- 

t i a l l y  one has  two chambers connected by a copper tube  8 i n .  l o n g  and wi th  a 

wall t h i ckness  of 0.100 i n .  designed t o  allow a maximum h e a t  flux by con- 

duc t ion  o f  1000 cal/min when t h e r e  i s  impressed a maximum g r a d i e n t  o f  8' K/cm 
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24 (k = 4.2 watts/cmo K f o r  copper 

be ing  h e l d  a t  -33 

>. This would correspond t o  t h e  upper chamber 

0 C if t h e  lower chamber i s  a t  n i t rogen  temperature .  The maxi- 

mum thermal  load  on t h e  tube due t o  cool ing and condensation of  t h e  spec ie s  of 

i n t e r e s t  was es t imated  t o  be 6 cal/min. This  much energy be ing  depos i ted  over  

even a few mm o f  l e n g t h  i n  t h e  g rad ien t  tube  could h a r d l y  e f f e c t  a thermal  grad- 

i e n t  t h a t  i s  moving 1000 cal/min. O f  course, a s  t h e  g rad ien t  i s  ad jus t ed  t o  

less  s t e e p  values ,  t h e  6 cal/min w i l l  r ep resen t  more o f  a pe r tu rba t ion ,  b u t  i t  

w i l l  never  be a s i g n i f i c a n t  one.  

The temperature  of each end o f  t h e  g rad ien t  tube  i s  s e p a r a t e l y  r egu la t ed  

by i n j e c t i n g  a c o n t r o l l e d  stream o f  l i q u i d  n i t rogen  i n t o  t h e  end chambers. 

Minor v a r i a t i o n s  a r e  then compensated f o r  by a h e a t e r  wound on t h e  c e n t e r  tube 

o f  each chamber. The power d i s s i p a t e d  i n  each h e a t e r  i s  c o n t r o l l e d  by a p a i r  

o f  Leeds and Northrup AZAR ( a d j u s t a b l e  zero, a d j u s t a b l e  range)  recorder -cont ro l -  

lers, type 3-661-176-186-6-030-19, Speedomax H, Model S. The sensor  i s  a s i n g l e  

j u n c t i o n  copper-constantan couple made of L & N wire No. 24-55-11 which was 

claimed by t h e  manufacturer t o  be of unusual ly  high accuracy.  
* 

Although it was 

f e l t  t h a t  simple two p o s i t i o n  c o n t r o l  on the bucking h e a t e r  would be adequate,  

it seemed wise nonethe less  t o  i n s t a l l  c o n t r o l l e r s  t h a t  were prewired f o r  pro-  

p o r t i o n a l  c o n t r o l  ( b a s i c a l l y  a c o n t r o l  s l i dewi re  on t h e  main s h a f t  o f  t h e  i n s -  

t rument ) .  Subsequent opera t ion  of  t h e  device has  demonstrated t h e  adequacy o f  

t h e  two p o s i t i o n  c o n t r o l  except  f o r  t h e  most p r e c i s e  a p p l i c a t i o n s ,  a s  w i l l  be  

d i scussed  below. 

The thermal  c o n d u c t i v i t i e s  a t  cryogenic temperatures  of  many m a t e r i a l s  i s  
given by WADD Technical  Report  60-56, P a r t  11, A Compendium of  t h e  P r o p e r t i e s  
o f  Ma te r i a l s  a t  Low Temperatures, V. J. Johnson, genera l  e d i t o r ,  Oct.,  1960. 
- + 1/4O F f o r  h o t  j unc t ion  a t  17.5' F and r e fe rence  j u n c t i o n  a t  32 
L & N bookle t  EN-S2, 1963, p .  22. 

24 

* 0 F, see 
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The c o n t r o l  microswitch on t h e  AZAR's has  a dead band o f  0.2 p e r  c e n t  

of s c a l e  l eng th ,  which f o r  a minimum span o f  0.666 m i l l i v o l t s  corresponds 

t o  swi t ch ing  a c t i o n  occur r ing  upon a change of l . 3 p v o l t  from t h e  sensor .  

A t  77' K t h i s  i s  equ iva len t  t o  0.08 

0.03 K, and v a r i e s  more o r  less  l i n e a r l y  a t  i n t e rmed ia t e  p o i n t s .  

0 
K, a t  273' K it i s  equ iva len t  t o  

0 

Typica l  o f  t h e  a c t u a l  c o n t r o l  t ha t  was obta ined  i s  t o  wi th in  maximum 

C f o r  t h e  h igh  end a t  -96 0 0 excurs ions  from c o n t r o l  o f  2 .5pvo l t  

and, a t  t h e  same t i m e ,  maximum excursions o f  5pvo l t  

end a t  -192' C. 

could h a r d l y  be s i g n i f i c a n t l y  a f f e c t e d  by t h e s e  v a r i a t i o n s ,  and henre t h i s  

degree o f  con t ro l ,  i . e . ,  gene ra l ly  within a few t e n t h s  o f  a degree,  i s  taken 

t o  be q u i t e  s a t i s f a c t o r y .  

o r  - i 0.08 C 

o r  - + 0.3' C f o r  t h e  low 
- 

In  t h i s  experiment the g rad ien t  of  t-96-(-192)]/8 o r  12O K/in.  

2 I n  many quenching experiments, it i s  n o t  necessary  t o  i n j e c t  l i q u i d  N 

i n t o  t h e  upper r e f r i g e r a n t  chamber, indeed it i s  u s u a l l y  j u s t  t h e  oppos i t e  

i n  t h a t  t h e  upper chamber w i l l  more o f t en  than  n o t  r e q u i r e  a s t eady  h e a t  i n p u t  

i n  o r d e r  t o  maintain t h e  d e s i r e d  gradien t .  

chamber only,  i t s  temperature was -192 C and t h e  upper end f i n a l l y  s t a b i l i z e d  

a t  -163 C, i . e . ,  producing a g rad ien t  of 3.6 C/in.  This  i s  j u s t  t h e  p o t e n t i a l  

r equ i r ed  t o  ba lance  t h e  n a t u r a l  h e a t  i n f l u x  t o  t h e  upper chamber wi th  the  h e a t  

be ing  conducted down t h e  8 i n .  l o n g  g rad ien t  tube.  

14 cc o f  l i q u i d  N2/min i n t o  t h e  low end chamber. 

increased ,  due perhaps t o  an a c t i v e  spec ies  genera t ion  p rocess  of some s o r t  

be ing  i n s t a l l e d  i n  t h e  l a r g e  I D  s e c t i o n  o f  t h e  upper chamber, it i s  necessary  

t o  h e a t  t h i s  chamber t o  maintain grad ien ts  g r e a t e r  than about  3.6 

With l i q u i d  N2 i n t o  t h e  low end 

0 

0 0 

These cond i t ions  r e q u i r e  

Unless t h e  h e a t  i n p u t  i s  

0 C/in. 
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This bottoming o u t  of t h e  h igh  end t a k e s  a l ong  t i m e  i f  l i q u i d  i s  only  

0 
i n j e c t e d  i n t o  t h e  low end chamber. 

h a l f  hour, whi le  t h e  upper end i s  a t  -70 C a f t e r  one hour, a t  -120 a f t e r  

two and one-half  hours  and a t  -163 

The low end bottoms a t  -196 C a f t e r  one- 

0 0 

0 * 
C a f t e r  f ive hours .  

The i o n i z i n g  e l e c t r o n  beam o f  t h e  spectrometer moves from bottom t o  

t o p  a s  i n d i c a t e d  on Figure 3 and i s  5/16 i n .  wide i n  t h e  p l ane  o f  t h e  paper  

by 1/16 i n .  t h i c k  perpendicular  t o  the  p lane  of t h e  paper .  Since t h e  co ld  

snout  o f  the bottom end chamber i s  1-1/16 i n .  l ong  by 5/32 wide and s i n c e  it 

i s  i n s e r t e d  d i r e c t l y  i n t o  t h e  g r i d  s t ack  o f  t h e  spectrometer ,  it i s  c l e a r  t h a t  

l a t e r a l  p o s i t i o n i n g  i s  o f  utmost import ,ance,  

p l a t e  and t h e  f i rs t  ion  g r i d  o f  t h e  source i s  only  0.239 i n .  

i n g  i s  necessary  if t h e  i n l e t  i s  t o  n o t  ground o u t  a g r i d  o r ,  worse, t o  bump 

o r  sc rape  t h e  g r i d s  s u f f i c i e n t l y  hard  t o  p h y s i c a l l y  damage t h e m .  We a l s o  wish 

t o  p o s i t i o n  t h e  o u t l e t  p o r t  on t h e  center  l i n e  o f  t h e  e l e c t r o n  beam, o r ,  more 

proper ly ,  w e  wish t o  maximize t h e  ion  i n t e n s i t y .  

p a i r  o f  d i a m e t r i c a l l y  opposed threaded push-rods provided wi th  an O-ring s e a l  

which move i n  a f i x t u r e  welded t o  the  "cross" u n i t  o f  t h e  spectrometer .  

Tkle c l e e r a n c e  betveer, t h e  backing 

P r e c i s e  p o s i t i o n -  

This was accomplished wi th  a 

These 

* 
The f a c t  t h a t  l i q u i d  N2 was not  u sua l ly  needed i n  t h e  upper end chamber was 
convenient  i n  t h a t  a l e a k  developed the re  which opened badly only  when t h e  
chamber was co ld .  
ed  out ,  b u t  r a t h e r  t h e  r e f r i g e r a n t  space was evacuated wi th  an a u x i l i a r y  
mechanical pump. Under t h e  cond i t ions  o f  t h e  low end a t  -187O C and t h e  
upper end a t  - 1 5 4 O  C, t h e  p re s su re  j u s t  u stream from t h e  co ld  t r a p  on t h e  
i s o l a t i o n  space vacuum pump was 3.3 x lomg. This should be compared wi th  a 
p r e s s u r e  o f  2 x 10-6 when t h e  va lve  connecting the  pumps t o  t h e  i s o l a t i o n  
vacuum space i s  c losed .  
3 x 10-5 r e f l e c t i n g  t h e  l e a k  from the r e f r i g e r a n t  space which i s  h e l d  a t  5Op 
o r  so by t h e  a u x i l i a r y  mechanical pump. 

To cont inue working, t h i s  l e a k  was n o t  immediately search-  

The p res su re  i n  t h e  i s o l a t i o n  space was always about  
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push-rods bea r  on t h e  sides of t h e  low end r e f r i g e r a n t  chamber, have given 

a b s o l u t e l y  no vacuum problems, and have proven t o  be very  e f f e c t i v e  devices  

f o r  p o s i t i o n i n g  t h e  r e f r i g e r a t e d  sample d e l i v e r y  snout  wi th in  t h e  g r i d  s t a c k .  

This  l a t e r a l  p o s i t i o n i n g  i s  a l s o  a ided  by t h e  i l l u m i n a t i o n  o f  t h e  end o f  t h e  

snout  by the e x c e l l e n t l y  co l l imated  beam of l i g h t  from t h e  f i l amen t .  

co l l ima t ion  i s  produced by t h e  f i v e  slits o f  t h e  Fox type e l e c t r o n  gun. A 

sharp  boundary between t h e  d i f f u s i v e l y  and d i r e c t l y  i l l umina ted  reg ions  o f  

t h e  snout  was c l e a r l y  v i s i b l e ,  and the push-rods r e a d i l y  moved the  snout  i n  

t h i s  beam. Since t h e  advance of t he  i n l e t  device  can only  be a c t u a l l y  viewed 

end-on, it i s  n o t  p o s s i b l e  t o  g e t  a v i s u a l  fee l  f o r  t h e  depth  of its per.etx-2- 

t i o n  i n t o  t h e  g r i d  s t ack .  However, t h e  t r a p  c u r r e n t  i s  an e x c e l l e n t  i nd ica -  

t o r  of  t h i s  s i n c e  t h e  i o n i z i n g  e l e c t r o n  beam i s  grounded t o  t h e  snout  when 

it i s  advanced too  fa r .  

advance o f  t h e  snout  w i l l  cause a change from t h e  i n i t i a l  o n s e t  of t h e  diminu- 

t i o n  o f  t h e  t r a p  c u r r e n t  t o  i t s  complete disappearance.  The mass spectrum it- 

self  a l s o  goes from t h e  sl ightest  no t i ceab le  diminution 

disappearance over  t h i s  same 3/16 i n .  advance. 

The 

Experimentally,  i t  h a s  tu rned  o u t  t h a t  a 3/16 i n .  

t o  almost complete 

synthes ized  t h e  substance 

I.D. g l a s s  r e a c t o r  i n  which 2 cm copper d i s c  e l e c t r o d e s  a r e  mounted 8 cm a p a r t .  

The 0 *F 2' 2 

a dozen or so t i m e s  i n  h igh  y i e l d  i n  a 2-1/4 i n .  
~ 

r e a c t a n t  mixture  i s  admit ted a t  a p o i n t  roughly halfway between t h e  

e l e c t r o d e s .  The optimum o p e r a t i n g  condi t ions  a r e  a p r e s s u r e  of 15  mm Hg and I 
I a p o t e n t i a l  o f  2500 v o l t s  between t h e  e l ec t rodes .  The y i e l d  was very  s e n s i t i v e  
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t o  t h e  0 ; F  r e a c t a n t  mixture  r a t i o  and i s  optimum when s to i ch iomet r i c .  

Typical  product ion  r a t e s  and y i e l d s  i n  our s y n t h e s i s  procedure a r e  forma- 

t i o n  of  1 .7  ml/hr wi th  an o v e r a l l  y i e l d  o f  74 p e r  c e n t  a s  c a l c u l a t e d  from 

t h e  volume o f  l i q u i d  produced p e r  mass o f  r e a c t a n t  exhausted from a 16.4 1. 

s to rage  tank  a s  determined by pressure decrease.  

2 2  

0 F decomposes t o  form 0 F i n  day l igh t  a t  90° K. 0 F i s  s o l i d  a t  

K and h e x e  on s t and ing  i n  t h e  c o l l e c t i n g  t i p  o f  t h e  r e a c t o r ,  t h e  r e d  
3 2  2 2  2 2  

0 
90 

l i q u i d  t h a t  was o r i g i n a l l y  formed w i l l  become pas ty .  

p a s t i n e s s  of t h e  product  has  caused many manipulat ive problems, n o t  t h e  

l e a s t  o f  which was t h e  c logging  o f  c a p i l l a r y  p i p e t s .  

c i rcumstances a r e  d i s c o n c e r t i n g  i f  one i s  on ly  t r y i n g  t o  handle  0 F it 

i s  probably a b l e s s i n g  i n  d i s g u i s e  i n  the long  run. It has  forced  u s  t o  

This  i n c r e a s i n g  

Although t h e s e  

3 2' 

develop manipulat ive procedures  which a re  more genera l  and which w i l l  be 

t r a n s f e r a b l e  t o  a l l  o t h e r  uns tab le ,  highly r e a c t i v e  subs tances  a t  very  low 

temperatures .  
3 2  

d u c t  mixtures  from o t h e r  experiments now i n  progress .  

0 F i s  no t  so a t y p i c a l  when compared t o  t h e  expected pro-  

1. U s e  o f  Fine Bore P i p e t s  F i l l e d  by C a p i l l a r y  A t t r a c t i o n  

Seve ra l  tests were made wi th  lOOX p i p e t s  (0 .1  m l )  which had a 

1 .0  mm I D  and were 12 ern long .  

r i se  i n  a c a p i l l a r y  p i p e t  o f  i t s  own accord and n o t  r e q u i r e  a s u c t i o n  f i l l i n g .  

It d i d n ' t .  The sur face  t ens ion  o f  0 F i s  no t  s u f f i c i e n t  t o  o f f s e t  i t s  den- 

s i t y  o f  1.75 gm/ml a t  90 

l a r y .  

Smaller  ID'S would have a b e t t e r  chance, b u t  it w i l l  now be hard t o  p i c k  up 

enough o f  t h e  m a t e r i a l ,  and a l s o  plugging w i l l  become a problem. This  scheme 

was abandoned 

It was f e l t  t h a t  t h e  l i q u i d  0 F would 
3 2  

3 2  
0 

K and produce a s i g n i f i c a n t  r ise i n  a 1.0 mm c a p i l -  

The l i q u i d  would a l s o  no t  s t a y  i n  t h e  c a p i l l a r y  once it was f i l l e d .  
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For t r a n s f e r  purposes the  c a p i l l a r y  p i p e t  was he ld  i n  a cy l inder  of  

pure l e a d  (4 x 5/16 i n )  which has  a high h e a t  capac i ty  a t  low temperatures .  

Once precooled, t h i s  would a c t  a s  a " s t a t i c "  r e f r i g e r a t o r  f o r  t h e  sample 

p i p e t .  

and r e t r a c t e d  wi th in  a g l a s s  s l eeve  which had an evacuated annulus.  The 

t o t a l  assembly of t he  sample i n  t h e  c a p i l l a r y  p i p e t  i n  t h e  block o f  l e a d  

i n s i d e  t h e  s l eeve  shaped dewar could then be s a f e l y  c a r r i e d  from the  r e a c t o r  

t o  the  spectrometer .  This mus t  be done rap id ly ,  however. 

This assembly was on t h e  end of  a rod so t h a t  i t  could be extended 

2. Liquid Nitrogen Cooled P ipe t  Re f r ige ra to r  

To avoid worr ies  about t h e  thermal capac i ty  o f  t h e  " s t a t i c "  arrange-  

ment and t o  allow a timewise more l e a s u r i l y  opera t ion ,  t he  p i p e t  coo le r  shown 

i n  Figure 4 was b u i l t .  

room temperature r a d i a t i o n  f a l l i n g  on the  heavy copper tube,  i t s  bottom end 

would s t a b i l i z e  o u t  a t  85' K according t o  design c a l c u l a t i o n s .  

c a l c u l a t e d  t o t a l  l i q u i d  loss r a t e  was 1.1 ml/min, and it was subsequently 

measured t o  be 2.2 m l / m i n  wi th  an annular  space p re s su re  o f  2 x 10 

l i q u i d  capac i ty  i s  such t h a t  t he  coo le r  will maintain i t s  lowest  temperature 

f o r  1 hour on one f i l l i n g .  A long  p i p e t  r i d e s  i n  t h e  c e n t e r  through-hole.  

The ope ra t ing  sequence i s  a s  fol lows:  

With l i q u i d  n i t rogen  i n  t he  r e s e r v o i r ,  and wi th  only  

The design 

-6 . The 

( a )  The pipet i n  i t s  cooler  i s  i n s e r t e d  i n t o  t h e  r e a c t o r .  

o f  t h e  coo le r  d i p s  wel l  below the r e f r i g e r a n t  l e v e l  around t h e  

cryogenic r e a c t o r .  

The p i p e t  i s  extended deeper i n t o  the  r eac to r ,  con tac t s  t h e  l i q u i d ,  

and a sample i s  withdrawn. 

The t a i l  

( b )  
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0.125 WALL 
COPPER TUBE 

1 ” 

Figure 4. Schematic of Cooler for Trans fe r  P i p e t .  
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The p i p e t  i s  r e t r a c t e d  i n t o  the coo le r  such t h a t  a l l  of t h e  

sample i s  wi th in  t h e  through-hole of  t h e  coo le r  and thus  

sh i e lded  a g a i n s t  temperatures  g r e a t e r  than about  80' K. 

The coo le r ,  conta in ing  the  completely r e t r a c t e d  p i p e t  i s  

removed from t h e  r e a c t o r  and i n s e r t e d  i n t o  t h e  precooled 

mass spectrometer  i n l e t  system. 

The p i p e t  i s  aga in  extended t o  a p o i n t  down t h e  g rad ien t  tube  

c o n s i s t e n t  wi th  t h e  g rad ien t  e s t a b l i s h e d  t h e r e i n  and wi th  t h e  

degree of  s epa ra t ion  t h a t  one i s  t r y i n g  t o  e f fec t .  The sample 

i s  expe l l ed  from the  p i p e t  i n t o  t h e  i n l e t  system. 

The p i p e t  and coo le r  assembly i s  withdrawn from t h e  i n l e t  sys-  

t e m ,  and t h e  a n a l y s i s  i s  c a r r i e d  forward. 

While a l l  o f  t h e s e  ope ra t ions  a r e  very simple a t  room temperature,  they  

become most complicated when one i s  working wi th  h igh ly  uns t ab le  subs tances  

about which very  l i t t l e  i s  known and always deep i n s i d e  a dewared arrangement. 

In  none o f  t hese  ope ra t ions  may t h e  sample be warmed, sometimes n o t  even 

s l i g h t l y  warmed. It i s  c e r t a i n l y  t r u e  t h a t  one o f  t h e  s e v e r e s t  problem a r e a s  

i n  ou r  ope ra t ions  today i s  merely the  t r a n s l a t i o n  of  a l l  o f  t h e  normal manipu- 

l a t i o n s  o f  bench s c a l e  chemistry t o  opera te  a t  cryogenic temperatures .  

D. Trapping of  Spec ies  Generated by Pyro lys i s  

One of the  most convenient ways t o  produce r e a c t i v e  molecules i s  by t h e  

p y r o l y s i s  of some s u i t a b l e  pa ren t  substance.  The appara tus  i s  simple, i . e . ,  

a furnace i s  e a s i e r  t o  b u i l d  and ope ra t e  than i s  a gas d ischarge  o r  a photo- 

l y s i s .  Also, s i n c e  t h e  p y r o l y s i s  i s  milder  than  is, say a gas  d ischarge ,  it 

w i l l  u s u a l l y  be p o s s i b l e  t o  produce copious q u a n t i t i e s  of t h e  spec ie s  o f  
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i n t e r e s t  i n  an e f f l u e n t  t h a t  i s  r e l a t i v e l y  simple i n  i t s  cons t i tuency .  

Whereas t h e  gas d ischarge  w i l l  produce general  f ragmentat ion,  and a l l  

s o r t s  o f  e l e c t r o n i c ,  and v i b r a t i o n a l  exc i t a t ions ;  i t  w i l l  u sua l ly  be 

p o s s i b l e  wi th  a p y r o l y s i s  t o  break  only  a d e s i r e d  bond t o  produce d i r e c t l y  

t h e  s p e c i e s  o f  i n t e r e s t .  One must s t i l l  worry about  subsequent r e a c t i o n s  

of t h e  now fewer fragments wi th  themselves and wi th  t h e  pa ren t .  

Under t h i s  NASA g ran t  we a r e  p re sen t ly  experimenting wi th  s e v e r a l  

t ypes  o f  p y r o l y s i s  arrangements which a r e  d i f f e r e n t i a t e d  l a r g e l y  by t h e i r  

d i f f e r e n t  o p e r a t i n g  temperatures  

i. Ai io t rop ic  Forms o f  Sulphur 

W e  have been i n t e r e s t e d  f o r  some t i m e  i n  t h e  p o s s i b l e  p repa ra t ion  

of new modif ica t ions  o f  su lphur  by the  use  o f  processes  invo lv ing  cryogenic 

temperatures .  It i s  an easy ma t t e r ,  by a d j u s t i n g  t h e  temperature  and pressure ,  

t o  produce a vapor r i c h  i n  e i t h e r  S 

have been done wi th  t h i s  system, t h e  e a r l i e s t  apparent ly  i n  1918, and many 

more i n  t h e  l a s t  few yea r s .  A p a r t i c u l a r l y  s i g n i f i c a n t  s tudy t h a t  was 

r epor t ed  a few months ago was c a r r i e d  out  a t  Moscow by Maltsev. 26 H e  was 

a b l e  t o  produce a greenish  white  d e p o s i t  a t  -196 

(lOO/sec o r  more) melted a t  -60' C .  

a t  t h i s  low temperature .  

25 Many t r app ing  experiments 2.' s6J Or 8 -  

8 

0 which on r ap id  warming 

The new l i q u i d  was a l s o  h igh ly  v o l a t i l e  

These phenomena were expla ined  a s  a r i s i n g  from t h e  presence o f  s6 and S8 

s t r a i g h t  cha in  molecules i n  t h e  d e p o s i t  al though he had made no d i r e c t  

25 f i l l e r ,  W .  N . ,  ed., The Sulphur Data Book, McGraw-Hill, New York 1954. 
26 Maltsev, A. K., Russian Journa l  of  Inorganic Chemistry, g, 1559 (1963). 
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obse rva t ion  o f  t h e s e  spec ie s .  

v i o u s l y  unobserved form of su lphur  i n  the  condensed phase by a p rocess  

u t i l i z i n g  a cryogenic quench. 

This r ep resen t s  t h e  p r e p a r a t i o n  of  a pre- 

Also, i n  r e c e n t  s t u d i e s ,  Meyer has  been t r a p p i n g  v a r i o u s  su lphur  

0 27 vapors,  w i t h  and wi thout  m a t r i x  gases  a t  t empera tures  between 4 

He f i n d s  t h e  Russian r e s u l t s  t o  b e  n o t  reproducib le  and t h i n k s  t h e i r  o r i g i n a l  

p a r e n t  m a t e r i a l  must have been impure. 

pu re  a l l o t r o p e s  because of  t h e i r  h igh  r e a c t i v i t y  even a t  low temperatures.  

and 77' K.  

Meyer found it very  hard t o  p repa re  

We have done only  one experiment (quick and d i r t y  type) which did show 

s e p a r a t i o n  i n t o  bands on quenching and a i d  show subl imat ion  on warming. We 

a r e  a b l e  t o  make no s ta tements  about t h e  p u r i t y  o f  t h e  p a r e n t .  It could have 

been very  impure. 

This su lphur  problem i s  n o t  be ing  pursued wi th  t h e s e  g r a n t  funds, b u t i t  

seemed r e l a v e n t  enough t o  b r i e f l y  mention i n  t h i s  r e p o r t .  

2 .  P repa ra t ion  and P r o p e r t i e s  o f  Diatomic Sodium 

A second p y r o l y s i s  experiment, b u t  one r e q u i r i n g  much h ighe r  t e m -  

p e r a t u r e s  i s  be ing  set up i n  t h e  appara tus  shown schemat i ca l ly  i n  F igure  5, 

and i s  concerned with t h e  i s o l a t i o n  o f  diatomic sodium. Molecular sodium 

27 
P r i v a t e  communication from D r .  Beat Meyer, Lawrence Radia t ion  Laboratory, 
Un ive r s i ty  o f  Ca l i fo rn ia ,  February, 1964. 
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Figure 5. Schematic of Apparatus f o r  Preparation of the Diatomic Alkali 
Metals with an Insert Showing More Detail of Cell. 
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e x i s t s  i n  r a t h e r  high concent ra t ion  i n  the vapor over  b o i l i n g  l i q u i d  sodium. 

The cons t ruc t ion  o f  Na a s  a func t ion  of' temperature  has  been c a l c u l a t e d  

us ing  free energy da ta  from S i t t i g  

A t  i t s  normal b o i l i n g  p o i n t  o f  883' C, the vapor i s  17 mole p e r  c e n t  Na2. 

The vapor i za t ion  c e l l ,  shown i n  t h e  i n s e r t  o f  Figure 5, was f a b r i c a t e d  from 

type  446 s t a i n l e s s  steel and weighs 117.6 gms. This  s t ee l  was s e l e c t e d  f o r  

2 
28 and t h e  r e s u l t s  a r e  shown i n  Figure 6. 

i t s  h igh  temperature  r e s i s t a n c e  t o  molten sodium. 

copper a l l o y s ,  o r  n i c k e l  a l l o y s  wi th  hot  molten sodium. 

One may n o t  use  copper, 

The s e l e c t e d  s t a i n l e s s  stee1,which was un fo r tuna te ly  very  hard  t o  

machine, i s  e s s e n t i a l l y  a chromium-iron a l l o y  (23-27 p e r  cen t  C r )  wi th  

1 p e r  c e n t  o r  less each o f  C, Mn, S i ,  N i ,  and N .  The most cor ros ion  resis- 

t a n t  pure  me ta l s  a r e  molybdenum, niobium, tantalum, tungsten,  and i r o n ,  and 

each o f  t h e s e  r e p r e s e n t s  a p o s s i b l e  a l t e r n a t e  m a t e r i a l  o f  cons t ruc t ion  f o r  

t h e  c e l l .  

The sodium i s  c u t  up, washed, d r i e d  and loaded i n t o  t h e  c e l l  i n  a 

glove box i n  an i n e r t  atmosphere o f  n i t rogene  

I n  o r d e r  t o  f r e e z e  o u t  t h e  sodium (both  atomic and molecular)  and i t s  

i n e r t  c a r r i e r ,  one must obviously remove from t h e  composite gas stream, a 

c e r t a i n  amount o f  h e a t .  

o f  h e a t  t r a n s f e r  w i l l  depend upon t h e  t o t a l  mass flow r a t e  only.  Because 

For f i x e d  ope ra t ing  condi t ions ,  t h e  r equ i r ed  r a t e  

o f  t h e  obvious l i m i t a t i o n s  on t h e  h e a t  t r a n s f e r  t o  t h e  l i q u i d  n i t rogen  i n  

ou r  U-tube arrangement, it was necessary t o  have a very  slow flow of  sodium 

o u t  of  t h e  c e l l .  Hence a hole  of  0.0035 i n .  diameter  was d r i l l e d  i n  t h e  

28 S i t t i g ,  Sodium-Its b n u f a c t u r e ,  Propert ies ,  and Uses, Reinhold, New York, 
1956; Handling and Uses o f  t he  Alka l i  Metals,  Advances i n  Chemistry 

S e r i e s  #l9, American Chemical Society,  Washington, D . C . ,  1957; S t a i n l e s s  
S t e e l  Handbook, Allegheny Ludlum S t e e l  Corporation, P i t t sbu rgh ,  1959. 
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bottom of t h e  r e - e n t r a n t  w e l l  o f  t h e  c e l l  a t  t h e  p o i n t  marked "L" on Figure 5. 

It i s  i n t e r e s t i n g  from a mechanical f a b r i c a t i o n  p o i n t  of  view t h a t  t h i s  ho le  

was d r i l l e d  wi th  a Vigor, s tock  number DR-560, f l a t  type d r i l l ,  u s ing  a jewelers 

d r i l l  p r e s s  and a stero-microscope f o r  observat ion o f  t h e  opera t ion  e 

According t o  ou r  c a l c u l a t i o n s ,  t h i s  l eak ,  which has  a c h a r a c t e r i s t i c  ,l/r 

[-i.e., l e n g t h  over  r a d i u s )  o f  6, w i l l  allow a mass flow o f  sodium o f  about  42 

milligms/min which i s  wi th in  t h e  h e a t  t r a n s f e r  c a p a b i l i t y  of  t h e  quenching 

arrangement. 
* 

The s e l e c t i o n  o f  a ma t r ix  m a t e r i a l  for use  i n  these  experiments i s  d i f f i -  

c u l t  because o f  t h e  extreme r e a c t i v i t y  of t h e  h o t  sodium vapor.  We are p r e s e n t l y  

concen t r a t ing  on argon, which meets t h e  requirements f o r  i n e r t n e s s ,  b u t  t h e  s o l i d  

does no t  have a low enough vapor pressure  f o r  ready u t i l i z a t i o n  a s  a ma t r ix  a t  

pumped n i t rogen  (63' K)  o r  a t  pumped oxygen temperatures  (54 

b l e  vapor p re s su re  compilation on argon i s  t h a t  of  Zieg ler ,  e t  a12' from which 

0 
K). The b e s t  ava i l a -  

some s e l e c t e d  p o i n t s  a r e  given below. 

87.291 
83 80 
80 - 00 
77-00 
70.00 
65 .oo 
60.00 
55 .oo 

760 (n .b .p . )  
516.84 ( t o p . )  
300.64 
188.74 

54.437 
18.913 

5.504 
1.272 

3c 
Flow r a t e  c a l c u l a t i o n s  from Knudsen c e l l s ,  which i s  a s i m i l a r  problem t o  t h e  
p r e s e n t  s i t u a t i o n ,  a r e  d iscussed  by Carlson, e t  a l ,  J. Chen?. Phys. - 38, 2725 
(1963 1. 

29 Ziegler ,  Mull ins  and Kirk, Georgia Tech Research I n s t i t u t e ,  Technical Report  
No. 2 on c o n t r a c t  CST-7238, NBS, Boulder, Colorado, Calcu la t ion  o f  t h e  Vapor 
P res su re  and Heats o f  Vaporizat ion and Sublimation o f  Liquids  and Solids, 
E s p e c i a l l y  Below One Atmosphere. I1 Argon, June  15, 1962. 
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T(c K) 
50 00 

40 00 
30 - 00 
20 0 00 

Hence, it may be necessary  t o  use l i q u i d  hydrogen a s  t h e  r e f r i g e r a n t ,  o r  t o  

go t o  a lower vapor p re s su re  mat r ix .  

We expec t  t h e  f o r c e s  between Na atoms t o  be g r e a t e r  than  t h a t  between 

sodium molecules and hence t h e  atomic form should f r e e z e  o u t  f irst  i n  t h e  

U-tube t r a p .  It i s  a l s o  n o t  important  t h a t  t h e  atomic form be eo-condensed 

wi th  a ma t r ix .  However, it i s  important  t h a t  t h e  Na be so eo-condensed, f o r  

w e  wish t o  subsequent ly  pump away t h e  mat r ix  and t h u s  allow t h e  t rapped  Na 

molecules t o  come toge the r  wi th  ene rg ie s  nea r  3/2 kT with  T equal  t o  say  

60' K and n o t  600' K. 

2 

2 

E.  R e a c t i v i t y  of  Atomic Hydrogen 

It has  aga in  seemed wise t o  c a r r y  out  experiments on a r a t h e r  macroscopic 

s c a l e  i n  g l a s s  where phenomena may be v i s u a l l y  noted.  We are i n t e r e s t e d  i n  

con tac t ing  c r y s t a l l i n e  and g l a s sy  ma te r i a l s ,  and more p a r t i c u l a r l y  i n  con- 

t r a c t i n g  l i q u i d  r e a c t a n t s  wi th  atomic hydrogen s 

O f  t h e  many p o s s i b l e  r e a c t o r  conf igura t ions  f o r  con tac t ing  a gas wi th  a 

l i q u i d ,  w e  have chosen t h e  s imples t ,  i o e e ,  a simple j e t  o f  gas onto  t h e  f ree  

su r face  o f  a b r i s k l y  s t i r red  pool  of  t h e  l i q u i d  phase.  This  i s  t o  be accom- 

p l i s h e d  i n  t h e  appara tus  shown schematical ly  i n  Figure 7 .  This arrangement 

i s  c u r r e n t l y  undergoing vacuum l e a k  test.s. 

It i s  c l e a r  t h a t  t h e  d ischarge  must be opera ted  a t  p r e s s u r e s  h ighe r  than 

t h e  vapor p re s su re  of t h e  l i q u i d  phase.  Indeed it would be d e s i r a b l e  t o  have 
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a zero vapor p re s su re  l i q u i d  phase so t h a t  r e a c t i o n  would occur  between 

I s p e c i e s  i n  the  l i q u i d  phase,  Of course,  t h e r e  i s  no zero vapor p re s su re  

l i q u i d  so t h a t  t h e  observed r e a c t i o n s  could be occur r ing  i n  t h e  l i q u i d ,  i n  

t h e  l iqu id-vapor  i n t e r f a c i a l  region,  o r  i n  t h e  vapor phase.  It w i l l  be 

I 

I t h e  then a v a i l a b l e  insmumenta t ion  _I 

I 

p o s s i b l e  t o  d i f f e r e n t i a t e  between a l l  of t h e s e  experimental ly ,  however. 

For example, t h e  r e a c t i c n  o f  only t h e  cold vapor o f  t h e  normally l i q u i d  

r e a c t a n t  coilld be observed-  The l i q u i d  r e a c t a n t  could a l s o  be d i s so lved  

i r _  some lower vapcr  p r e u e  so lven t ,  It i s  noteworthy t h a t  a search  of  

on ly  t h e  r o u t i n e  r e fe rccce  sources ,  i o e Q j  a reasonably thorough, b u t  n o t  

complete sea rch ,  l e d  t o  l i s t s  of 108  organic  and 34 inorganic  substances 

t h a t  have f r e e z i n g  pci”-ts belcw 150 KO So t h e r e  a r e  many more p o s s i b l e  

s o l v e n t s  f o r  L~SP i n  low temperature  chemistry than one might have supposed. 

Power f o r  she gas d ischarge  i s  provided by a type BC-610 m i l i t a r y  

0 

* 
t r a n s m i t t e r  %hat  was obta ined  on su rp lus  a t  e s s e n t i a l l y  zero c o s t .  This 

power supply g ives  ILF t o  1 KW a t  any frequency between 2 and 18 mc. 

The f i r s t  series of  experiments i n  t h i s  appara tus  involve  atomic 

hydrogen r e a c t i c g  wixh l i q J i d  n i t r i c  oxide,  NO. The f r e e z i n g  p o i n t  o f  NO 

i s  li0 We a r e  i n t e r e s t e d  

he re  i n  t h e  p o s s i b l e  free ex i s t ance  of HNO a t  t h e s e  s o r t s  of  temperatures .  

Such e x i s t e n c e  of  t h i s  spec ie s  has  a l ready  been p o s t u l a t e d  a’s r e s u l t i n g  from 

somewhat s i m i l a r  experiments performed i n  1933. These very  e a r l y  experiments 

a r e  i n t e r e s t i n g ,  b u t  d e f i n i t i v e  measurements o r  i d e n t i f i c a t i o n  of  m a t e r i a l s  

a t  t he  low t e q e r a t - x e s  Wac never p e r f o ~ ~ e d ,  indeed, i t  was i n p o s s i b l e  wi th  

0 K, where i t  has  a vapor p re s su re  of  178 mm Hg. 

I _ _ _ ~ _  * 
There had Leer EI $1000 equipment a l lotnez, t  
supply.  T h i s  mcrey was subseqLAently s e d  f o r  a d i g i t a l  vo i tme te r  which 
was rJot ment,ioned t? the  budget,  

i n  t h e  budget f o r  t h i s  power 
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-- F s  Krypton -- Fluor ides  

We have used a r e a c t o r  very much l i k e  t h a t  descr ibed  f o r  t h e  0 F 

syn thes i s ,  t o  synthes ize  seve ra l  f l u o r i d e s  and oxyf luor ides  of t h e  " i n e r t "  
3 2  

gas krypton,  

c r ibed  a few months ago by G r o ~ s e , ~ ~  

Our arrangement and procedure was very much l i k e  t h a t  des-  

The mixed elements a r e  slowly pumped 

through a d ischarge  tube  r e a c t o r  made of  pyrex g l a s s  which i s  immersed i n  

l i q u i d  oxygec. Af t e r  an hour or so, t h e  r eac t ion  i s  stopped and t h e  r e a c t o r  

0 removed from t h e  l i q d i d  oxygen and immersed i n  a dry  ice-a lcohol  mush (-78 C ) .  

A l l  spec i e s  t h a t  a r e  Trolat i le  a t  t h i s  temperature, p r i n c i p a l l y  SiF4, a r e  

pumped away. The s o l i d  remaining i n  the  r e a c t o r  i s  then sublimed i n t o  a t r a n s -  

f e r  t r a p  f o r  connection tc  the mass spectrometer i n l e t  system. The r e s u l t s  of  

t h i s  experiment a r e  m o s t  d i f f i c u l t  t o  reproduce. Our b e s t  successes  have been 

i n  reproducing only  the  absence o f  any measurable r eac t ion .  However, i n  one 

of  t he  more happy experiments, t he  following mass peaks were observed and the 

i n d i c a t e d  assignments were made. 

Mass Ion Mass Ion 

47 
66 
84 
85 
99 

103 
104 
114 

Si  F 
S i  F2 
K r  
S i  F3 
KrF 
KrF 
S i  F4 
KrOF 

117 
129* 
134 

150* 
160 
178 
1-97 

149* 

KrOF 
I 

KrOF2 
C2I 
C2I 
QF4 
KrF5 
KrF6 

+? These peaks a r i s e  from incomplete pmp-out  of spectrometer  from preceding 
ana lyses  

'' Grosse, e t  a l ,  Scier?ce 1-39, 1047 (1963). 
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Tcis spectrum, which i s  ou r  b e s t  e f f o r t  t o  da t e ,  was r e a l l y  n o t  very 

good so t h a t  t h e r e  i s  some m c e r t a i n t y  i n  t h e  mass assignments.  

In  view o f  t h e  apparent  i n s t a b i l i t y  of  t h e s e  spec ies ,  t h e  b e s t  way t o  

do t h i s  experiment would be t o  mount t h e  d ischarge  e l e c t r o d e s  i n  t h e  en larged  

s e c t i o n  o f  t h e  upper end r e f r i g e r a n t  chamber o f  t h e  g r a d i e n t - i n l e t  appara tus  

(see Chapter 11, B ) .  

t h e  vapor phase t o  room temperatune. In  t h e  t r a n s f e r  and i n l e t  arrangement 

used above, an e f f o r t  was made t o  minimize t h e  t i m e  du r ing  which t h e  vapor 

passed through a tube a t  room temperature,  b z t  perhaps t h e  decomposition o f  

t h e  molecule i s  too  f a s t  f o r  z h i s  technique. An equa l ly  probable  d i f f i c u l t y  

i s  t h a t  t h e  cor ,di t icns  ic t h e  r e a c t o r  l ead ing  t o  t h e  formation of  t h e  krypton 

compounds a r e  very  c r i t i c a l .  

This would avoid any need f o r  warming t h e  product  i n  

Our d a t a ,  though r a t h e r  poor and only p a r t i a l l y  reproduciable ,  do i n d i -  

KrFh, KrF c a t e  t h a t  t h e  f l u o r i d e ?  KrF2, 

The r e su l t s  obta ined  he re  a r e  probably the most d e f i n i t i v e  on t h e  ques t ion  

o f  t he  e x i s t e c c e  cf t h e s e  molecules t h a t  have been r epor t ed  t o  d a t e .  The 

molecules a r e  analcgoLt=. t o  t h e  corresponding and now well known xenon compounds. 

and t h e  oxyf luor ide  KrOF2 e x i s t .  6 

This work was dace a s  a s p e c i a l  problem, and w e  have no immediate p l a n s  

f o r  con t inu ing  s t u d i e s  on the  nobel  gas compounds. Severa l  more a t t empt s  t o  

reproduce t h e  da t a  above w i l l  be made before  pub l i sh ing  t h e s e  r e s u l t s .  

I 

31 A good i n t r o d u c t i o n  t o  t h i s  ve ry  new and i n t e r e s t i n g  f i e l d  i s  found i n  
- Hobel Gas Compounds, Hyman, e d , ,  Univers i ty  of Chicago Press ,  i n  p r e s s .  
This book conta ins  t h e  proceedings of a conference he ld  a t  Argonne Nat ional  
Laboratory ori t h i s  sub jec t  i n  A p r i l ,  1963. 
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111. PLANS FOR NEXT mPORTING PERIOD 

During the nex t  s i x  months, the p r i n c i p l e  v e c t o r s  of t h i s  r e sea rch  pro-  

gram should shape up about  a s  fol lows:  

a )  Continue t o  develop ope ra t ing  c h a r a c t e r i s t i c s  of  t h e  cryogenic 

p u r i f i c a t i o n  and i n l e t  system us ing  0 F and 0 F mixtures .  
2 2  3 2  

b )  Develop appearance p o t e n t i a l s  and i o n i z a t i o n  p o t e n t i a l s  of spec ie s  

from t h e s e  oxyf luor ides  a long  l i n e s  discussed i n  Chapter 11, Sect ion  A, hope- 

f u l l y  l e a d i n g  t o  a b e t t e r  understanding of t h e  s t r u c t u r e  and bond ene rg ie s  of  

t h e s e  subs tances .  

COMMENT: Now admi t ted ly  t h e s e  spec ies  a r e  of r e l a t i v e l y  l i t t l e  i n t e r e s t  
i n  developing knowledge d i r e c t l y  app l i cab le  t o  t h e  chemistry o f  comets 
and p l a n e t a r y  atmospheres. I ts  relevance he re  i s  t h a t  it provides  an 
e x c e l l e n t  v e h i c l e  f o r  t h e  continued development o f  our cryogenic  p u r i f i c a -  
t i o n  and i n l e t  system. The b e s t  successes  of  t h i s  NASA program do depend 
completely on t h i s  i n l e t  ope ra t ing  according t o  des ign .  I n  add i t ion ,  and 
a s  a by-product, t h e  s tudy  of  t h e  oxyf luor ides  i s  very  i n t e r e s t i n g  i n  i t s  
own r i g h t .  

c )  Complete t h e  pre l iminary  check-outs and i n i t i a t e  work wi th  t h e  r e a c t i o n  

o f  atomic hydrogen wi th  NO, both wi th  the pure  l i q u i d  and i n  s o l u t i o n .  

d )  Perform a s e r i e s  o f  quenching experiments w i th  sodium looking  f o r  t h e  

1 
t r app ing  of  Na2 i n  i t s  C, i . e . ,  molecular ground s t a t e .  

COMMENT: Both of  t he  experimental  set-ups f o r  t h e s e  s t u d i e s  a r e  essen-  
t i a l l y  ready. The sodium appara tus  on ly  l a c k s  i n s t a l l a t i o n  of  t h e  i n -  
duc t ion  h e a t i n g  system and t h e  H atom appara tus  i s  now g e t t i n g  vacuum 
tes ts .  

In  a d d i t i o n  t o  t h e s e  cont inua t ion  experiments t h a t  a r e  i n  many ways obvious 

from t h e  present .  s t a t u s  of  t h e  research  a s  background, s e v e r a l  s i g n i f i c a n t  expan- 

s i o n s  i n  scope a r e  be ing  d iscussed  and w i l l  hopefu l ly  soon be i n  f u l l  swing. 

Some members o f  t h e  s ta f f  of  t h e  d i f f r a c t i o n  l a b o r a t o r y  are  i n t e r e s t e d  i n  

de te rmining  t h e  s t r u c t u r e s  of  some of the unusual molecules synthes ized  i n  t h i s  
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work. 

n i t rogen  temperature  i s  on hand and i n  opera t ion .  The i n i t i a t i o n  of a con- 

t i n u i n g  i n t e r p l a y  between our  s y n t h e s i s  and r e a c t i v i t y  s t u d i e s  and t h e s e  

s t r u c t u r e  s t u d i e s  seems imminent. 

One of our  t h e o r e t i c i a n s  has  ind ica t ed  some i n t e r e s t  i n  t r y i n g  t o  apply  

A gonimeter equipped f o r  u s e  wi th  a c r y s t a l  maintained a t  l i q u i d  

self  c o n s i s t e n t  f ie ld ,  l i n e a r  combination of atomic o r b i t a l s  (SCF-LCAO) no t ions  

t o  t h e s e  s m a l l  molecules.  It appears  t h a t  f o r  small  molecules one can make p re -  

d i c t i o n s  from theory  about  t h e i r  expected chemical behavior  wi th  some degree o f  

confidence.  This  then  would r e p r e s e n t  a new a rea ,  i . e . ,  c l o s e  i n t e r p l a y  between 

t h e o r e t i c a l  chemistry and experimental  chemistry i n  s i t u a t i o n s  where one can 

make optimum arguments from both  s i d e s .  The theory  can suggest  f u r t h e r  exper i -  

ments and t h e  r e s u l t s  o f  t h e s e  experiments can f u r t h e r  improve the  theory .  This  

l i n e  of  work could be very  e x c i t i n g .  



I 
I 

~ 

I 

I V .  STUDENT PARTICIPATION 
, 

The r e sea rch  be ing  done under t h i s  gran t  has  been arranged such t h a t  

each sec t ion - fo rms  t h e  PhD t h e s i s  research  o f  a graduate  s tuden t  i n  chemical 

engineer ing .  !here a r e  now f o u r  graduate s t u d e n t s  working e s s e n t i a l l y  f u l l  

t i m e  on t h e  r e sea rch  program o f  t h i s  gran t  on t h i s  b a s i s .  Each s tuden t  ho lds  

a f e l lowsh ip  and t h e s e  g ran t  funds a r e  used t o  supplement h i s  s t i pend  up t o  

an allowed maximum o f  $1000 p e r  year .  

Science Foundation Predoctora l  Fellows. 

Two o f  t h e s e  s tuden t s  a r e  Nat ional  
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